Abstract
Introduction
. Most likely, maltotriose utilization in these laboratory hybrids was enabled by the ScAGT1 gene 88 in the S. cerevisiae parental genome. Paradoxically, S. pastorianus strains that utilize maltotriose 89 contain a non-functional, truncated ScAGT1 allele (21). In such strains, maltotriose utilization has 90 been attributed to two S. pastorianus-specific genes. SpMTY1 shares 90% sequence identity with 91
ScMALx1 genes and enabled both maltose and maltotriose transport, with a higher affinity for the 92 latter (22, 23) . SpMTY1 also shows sequence similarity with SeMALT genes (24, 25) . The second gene, 93 named SeAGT1 because it was found in the S. eubayanus subgenome of S. pastorianus strains, shares 94 85% sequence identity with ScAGT1 (26). In accordance with their sequence similarity, SeAgt1 and 95
ScAgt1 both enable high-affinity maltotriose import (27) . Despite their presence in the S. pastorianus 96 genome, the maltotriose transporter genes SpMTY1 and SeAGT1 were not found in the genome of S. 97 eubayanus CBS 12357 T (9, 18) . 98
The MALT transporter genes in S. eubayanus, S. cerevisiae and S. pastorianus are localized to 99 the subtelomeric regions (9, 14, 15, 18, 22, 23) , which are gene-poor and repeat-rich sequences 100 adjacent to the telomeres (28-30). These regions are known hotspots of genetic variation in 101
Saccharomyces genomes (30) (31) (32) . The presence of repeated sequences makes subtelomeric regions 102 genetically unstable by promoting recombinations (33, 34) . As a result, subtelomeric gene families 103 are particularly diverse across different strains (32, 35, 36) . In S. cerevisiae, subtelomeric gene 104 families contain more genes than non-subtelomeric gene families, reflecting a higher incidence of 105 gene duplications (35) . As previously shown in Candida albicans submitted to long term laboratory 106 evolution, the gene repertoire of the subtelomeric TLO family can be extensively altered due to 107 ectopic recombinations between subtelomeric regions of different chromosomes, resulting in copy 108 number expansion, in gene disappearance and in formation of new chimeric genes (37). Despite their 109 common origin, genes within one family can have different functions, due to the accumulation of 110 mutations (38, 39) . In silico analysis of the sequences and functions of genes from the MALT, MALS 111
and MALR gene families indicated functional diversification through gene duplication and mutation 112 (35) . Indeed, the presence of multiple gene copies can facilitate the emergence of advantageous 113 mutations mainly by one of three mechanisms: (i) neofunctionalization, corresponding to the 114 emergence of a novel function which was previously absent in the gene family (40), (ii) 115 subfunctionalization, corresponding to the specialization of gene copies for part of the function of 116 the parental gene (41) and (iii) altered expression due to gene dosage effects resulting from the 117 increased copy number (42) . While the different functions of MALS genes were assigned to 118 subfunctionalization of the ancestral MALS gene (43), the maltotriose transporter gene ScAGT1 was 119
proposed to result from neofunctionalization within the MALT family (35). In general, the emergence 120 of a large array of gene functions was attributed to subfunctionalization and neofunctionalization 121 (35, 37, (43) (44) (45) (46) (47) ). However, current evidence for neofunctionalization within subtelomeric gene 122 families is based on a posteriori analysis and rationalization of existing diversity. While in some cases 123 the genetic process leading to neofunctionalization could be reconstructed at the molecular level 124 (47) (48) (49) , the emergence of a completely new function within a subtelomeric gene family was never 125 observed within the timespan of an experiment to the best of our knowledge. However, the genetic 126 diversity within Saccharomyces MALT transporters suggests that evolution of SeMalt transporters 127 could lead to the emergence of a maltotriose transporter by neofunctionalization (35). Therefore, 128 laboratory evolution may be sufficient to obtain maltotriose utilization in S. eubayanus strain CBS 129
Laboratory evolution is a commonly-used non-GMO method for obtaining desired properties 131 by prolonged growth and selection under conditions favoring cells which develop the desired 132 phenotype (50, 51) . Similarly as in Darwinian natural evolution, the conditions under which 133 laboratory evolution is conducted shape the phenotypes acquired by evolved progeny by the process 134 of survival of the fittest (52). In Saccharomyces yeasts, selectable properties include complex and 135 diverse phenotypes such as high temperature tolerance, efficient nutrient utilization and inhibitor 136 tolerance (53-56). Laboratory evolution was successfully applied to improve sugar utilization for 137 arabinose, galactose, glucose and xylose (54, (57) (58) (59) . In S. pastorianus, improved maltotriose uptake 138 was successfully selected for in a prolonged chemostat cultivation on medium enriched with 139 maltotriose (60). Theoretically, laboratory evolution under similar conditions could select S. 140 eubayanus mutants which develop the ability to utilize maltotriose. 141
In this study, we submitted S. eubayanus strain CBS 12357
T to UV-mutagenesis and 142 laboratory evolution in order to obtain maltotriose utilization under beer brewing conditions. While 143 obtaining a non-GMO maltotriose-consuming S. eubayanus strain was a goal in itself for industrial 144 beer brewing, we were particularly interested in the possible genetic mechanisms leading to the 145 emergence of maltotriose utilization. Indeed, we hypothesized that the genetic plasticity of the four 146 subtelomeric , the single-cell isolates IMS0637-IMS0643 and the maltotriose-consuming S. pastorianus 165 strain CBS 1483 were grown in shake flasks on SMMt ( Figure 1A and Supplementary Figure S1 ). After 166 187 h, S. eubayanus CBS 12357
T did not show any maltotriose consumption. Conversely, isolates 167 IMS0637-IMS0643, all showed over 50% maltotriose consumption after 91 h (as compared to 43 h for 168 CBS 1483). Upon reaching stationary phase, isolates IMS0637-IMS0643 had consumed 93 ± 2% of the 169 initial maltotriose concentration, which was similar to the 92 % conversion reached by S. pastorianus 170 CBS 1483. While these results indicated that the single cell isolates IMS0637-IMS0643 utilized 171 maltotriose in synthetic medium, they did not consume maltotriose after 145 h of incubation in 172 shake-flasks containing 3-fold diluted wort ( Figure 1B ). Under the same conditions, S. pastorianus 173 CBS 1483 consumed 50% of the wort maltotriose after 145 h ( Figure 1B) . 174
Nutrient-limited growth confers a selective advantage to spontaneous mutants with a higher 175 nutrient affinity (50, 60) . Therefore, to improve maltotriose utilization under industrially relevant 176 conditions, the pooled isolates IMS0637-IMS0643 were subjected to laboratory evolution in a 177 chemostat culture on modified brewer's wort. To ensure a strong selective advantage for 178 maltotriose-consuming cells while maintaining carbon-limitation, the brewer's wort was diluted 6-179 fold and complemented with 10 g L -1 maltotriose, yielding concentrations of 2 g L -1 glucose, 15 g L SeMALT3 for nucleotides 1141-1842 ( Figure 2C ). Nucleotides 1123-1140, which showed only 72% 250 identity with SeMALT1 and 61% identity with SeMALT3, were found to represent an additional 251 introgression ( Figure 2B ). While the first 434 nucleotides can be unequivocally attributed to SeMALT4 252 due to a nucleotide difference with SeMALT2, the nucleotides 1123-1140 are identical in SeMALT2 253 and SeMALT4. Therefore, this part of the sequence of SeMALT413 might have come from SeMALT2 254 on CHRV or from SeMALT4 on CHRXVI. Overall, SeMALT413 showed a sequence identity of only 85 to 255 87% with the original SeMALT genes, with the corresponding protein sequence exhibiting between 256 52 and 88% identity. We therefore hypothesized that the recombined SeMalt413 transporter might 257 have an altered substrate specificity and thereby enable maltotriose utilization. 258
The tertiary structure of the chimeric SeMALT413 gene was predicted with SWISS-MODEL 259 (https://swissmodel.expasy.org/), based on structural homology with the Escherichia coli xylose-260 proton symporter XylE (62), which has previously been used as a reference to model the structure of 261 ScAgt1 (63). Similarly to the maltose transporters in Saccharomyces, XylE is a proton symporter 262 belonging to the major facilitator superfamily with a transmembrane domain composed of 12 α-263 helixes (Supplementary Figure S3) . The same structure was predicted for SeMalt413, with 1 α-helix 264 formed exclusively by residues from SeMalt4, 4 α-helixes formed by residues from SeMalt1 and 5 α-265 helixes formed exclusively by residues from SeMalt3 ( Figure 2D ). The remaining two α-helixes were 266 composed of residues from more than one transporter. Since the first 100 amino acids were 267 excluded from the model due to absence of similar residues in the xylose symporter reference 268 model, the structure prediction underestimated the contribution of SeMalt4. The three-dimensional 269 arrangement of the α-helixes of SeMalt413 was almost identical to SeMalt1, SeMalt3 and SeMalt4, 270 indicating that it retained the general structure of a functional maltose transporter (Supplementary 271 Figure S4 ). 272
Introduction of the SeMALT413 gene in wildtype CBS 12357 T enables maltotriose utilization 273
The small structural differences identified between SeMalt413 and the wild-type S. eubayanus Malt 274 transporters could not be used to predict the ability of SeMalt413 to transport maltotriose (63). 275 Therefore, to investigate its role in maltotriose transport, SeMALT413 and, as a control, SeMALT2 276 were overexpressed in the wild-type strain S. eubayanus CBS 12357 T ( Figure 3A and Supplementary 277 Figure S5 ). Growth of the resulting strains S. eubayanus IMX1941 (SeSGA1Δ::ScTEF1 pr -SeMALT2-278 did not differ significantly. Maltose was completely consumed after 43 h ( Figure 3C ). On maltotriose, 285 only the evolved mutant IMS0750 and reverse engineered strain IMX1942 (ScTEF1 pr -SeMALT413-286 ScCYC1 ter ) showed growth. IMS0750 grew with a specific growth rate of 0.19 ± 0.01 h -1 and consumed 287 55% of maltotriose within 172 h. Over the same period, IMX1942 grew at 0.03 ± 0.00 h -1 and 288 consumed 45% of the maltotriose after 172 h ( Figure 3D ), demonstrating the capacity of SeMALT413 289 to transport maltotriose. 290
The SpMTY1 maltotriose transporter gene displays a similar chimeric structure as SeMALT413 291
The mosaic structure of the maltotriose transporter gene SeMALT413 led us to reinvestigate 292 the sequence of maltotriose transporters in Saccharomyces genomes. The sequence similarity of 293
ScAGT1 and SeAGT1 to maltose transporters from the MALT family such as ScMAL31 is roughly 294 homogenous over their coding region. In contrast, the identity of some segments of SpMTY1 relative 295 to ScMAL31 deviates strongly from the average identity of 89% (22). Indeed, sequence identity with 296 ScMAL31 of S. cerevisiae S288C (64) is above 98% for nucleotides 1-439, 627-776, 796-845, 860-968 297 and 1,640-1,844, while it is only 79% for nucleotides 440-626, 65% for nucleotides 777-795, 50% for 298 nucleotides 846-859 and 82% for nucleotides 969-1,639 (Supplementary Figure S7) . Alignment of the 299 sequences of S. eubayanus CBS 12357
T SeMALT genes (9) to SpMTY1 showed high sequence identity 300
with SeMALT3 across several regions that showed significant divergence from the corresponding 301 ScMAL31 sequences: 91% similarity for nucleotides 478-533, 94% similarity for nucleotides 577-626 302 and 94% similarity for nucleotides 778-794 (Supplementary Figure S7 ). These observations would 303 indicate that the evolution of SpMTY1 might have involved introgression events similar to those 304 responsible for the SeMALT413 neofunctionalization described in the present study. However, 305
introgressions from SeMALT genes cannot explain the entire SpMTY1 gene structure. Its evolution 306 may therefore have involved multiple introgressions, similarly as for SeMALT413. While most regions 307 with low similarity to ScMAL31 and SeMALT3 were too short to identify their provenance, the 308 sequence corresponding to the 969 th to 1,639 th nucleotide of SpMTY1 could be blasted on NCBI. In 309 the S288C genome, ScMAL31 was the closest hit with 82% identity. However, when blasting the 310 sequence against the full repository excluding S. pastorianus genomes, the closest hit was the 311 orthologue of ScMAL31 on chromosome VII of S. paradoxus strain YPS138. In addition to an 89% 312 similarity to nucleotides 969-1,639 of SpMTY1, SparMAL31 had a similarity of 94% for nucleotides 313 544-575 and of 93% for nucleotides 846-859 (Supplementary Figure S7) . Therefore, SparMAL31 may 314 have contributed sequence to the 3' part of SpMTY1 by horizontal gene transfer. were further explored by analyzing production of aroma-defining esters, higher alcohols and diacetyl. 327
Final concentrations of esters and higher alcohols were not significantly different in cultures of the 328 two strains, with the exception of isoamylacetate, which showed a 240 % higher concentration in 329 strain IMS0750 (Table 1 ). In addition, while the concentration of the off-flavour diacetyl remained 330 above its taste threshold of 25 µg L -1 after 333h for CBS 12357 T , it dropped below 10 µg L -1 for 331 IMS0750 (Table 1) . 332 isomaltose-hydrolase activity. The evolution of MALS isomaltase genes from this ancestral gene is an 399 example of subfunctionalization: the divergent evolution of two gene copies culminating in their 400 specialization for distinct functions which were previously present to a lesser extent in the ancestral 401 gene. The generation of functional redundancy by gene duplication is critical to this process as it 402 enables mutations to occur which result in loss of the original gene function without engendering a 403 selective disadvantage (35, 37, 38, 40, 41, 70) . In contrast to subfunctionalization, 404 neofunctionalization consists of the emergence of a function which was completely absent in the 405 ancestral gene (45). While the emergence of many genes from a large array of organisms has been 406 ascribed to subfunctionalization and to neofunctionalization, these conclusions were based on a 407 posteriori analysis of processes which had already occurred, and not on their experimental 408 observation (35, 37, (43) (44) (45) (46) (47) T via genetic engineering demonstrated its 414 neofunctionalization, the use of GMO-strains is precluded in the brewing industry by customer 415 acceptance issues (71). However, the non-GMO evolved S. eubayanus isolate IMS0750 could be 416 tested on industrial brewing wort at 7 L scale. In addition to near-complete maltotriose conversion, 417 the maltose consumption, isoamylacetate production and diacetyl degradation of IMS0750 were 418 superior to CBS 12357 T . Efficient maltose and maltotriose consumption, as well as the concomitantly 419 increased ethanol production, are important factors determining the economic profitability of beer 420 brewing processes (72). In addition, low residual sugar concentration, low concentrations of diacetyl 421 and high concentrations of Isoamylacetate are desirable for the flavor profile of beer (73, 74). In 422 terms of application, the laboratory evolution approach for conferring maltotriose utilization into S. 423 eubayanus presented in this paper is highly relevant in view of the recent introduction of this species 424 in industrial-scale brewing processes (9). The ability to ferment maltotriose can be introduced into 425 other natural isolates of S. eubayanus, either by laboratory evolution or by crossing with evolved 426 strains such as S. eubayanus IMS0750. Besides their direct application for brewing, maltotriose-427 consuming S. eubayanus strains are of value for the generation of laboratory-made hybrid 428
Saccharomyces strains for brewing and other industrial applications (8, (75) (76) (77) . 429
Materials and methods

430
Strains and maintenance
431
All yeast strains used and generated in this study are listed in 
Shake-flask cultivation 454
Shake-flask cultures were grown in 500 mL shake flasks containing 100 mL medium and inoculated 455 from stationary-phase aerobic precultures to an initial OD 660 of 0. 
Adaptive Laboratory Evolution
484
UV mutagenesis and selection 485
S. eubayanus CBS 12357
T was grown in a 500 mL shake flask containing 100 mL SMG at 20 ˚C until 486 stationary phase and diluted to an OD 660 of 1.0 with demineralized water. 50 mL of the resulting 487 suspension was spun down at 4816 g for 5 min and washed twice with demineralized water. 25 mL of 488 washed cells was poured into a 100 mm x 15 mm petri dish (Sigma-Aldrich) without lid and irradiated 489 with a UV lamp (TUV 30 W T8, Philips, Eindhoven, The Netherlands) at a radiation peak of 253.7 nm. 490 25 mL of non-mutagenized and 5 mL of mutagenized cells were kept to determine survival rate. From 491 both samples, a 100-fold dilution was made, from which successive 10-fold dilutions were made 492 down to a 100,000-fold dilution. Then, 100 µL of each dilution was plated on YPD agar and the 493 number of colonies were counted after incubation during 48h at room temperatures. After 10,000-494 confirmed that all 7 isolates were S. eubayanus. 514
Laboratory evolution in chemostats 515
Chemostat cultivation was performed in Multifors 2 Mini Fermenters (INFORS HT, Velp, The 516 Netherlands) equipped with a level sensor to maintain a constant working volume of 100 mL. The 517 culture temperature was controlled at 20 °C and the dilution rate was set at 0.03 h −1 by controlling 518 the medium inflow rate. Cultures were grown on 6-fold diluted wort supplemented with 10 g L The OD 660 of each strain was measured and the equivalent of 7 mL at an OD 660 of 20 from each strain 524 was pooled in a total volume of 50 mL. The reactor was inoculated by adding 20 mL of the pooled 525 culture. After overnight growth, the medium inflow pumps were turned on and the fermenter was 526 sparged with 20 mL min -1 of nitrogen gas and stirred at 500 RPM. The pH was not adjusted. Samples 527 were taken weekly. Due to a technical failure on the 63 rd day, the chemostat was autoclaved, cleaned 528 and restarted using a sample taken on the same day. After a total of 122 days, the chemostat was 529 stopped and 10 single colony isolates were sorted onto SMMt agar using FACS, as for IMS0637-530 IMS0643. PCR amplification of the S. eubayanus specific SeFSY1 gene and ITS sequencing confirmed 531 that all ten single-cell isolates were S. eubayanus. Three colonies were randomly picked, restreaked 532 and stocked as IMS0750-752. 533
Genomic isolation and whole genome sequencing 534
Yeast cultures were incubated in 50 mL Bio-One Cellstar Cellreactor tubes (Sigma-Aldrich) containing 535 liquid YPD medium at 20°C on an orbital shaker set at 200 RPM until the strains reached stationary 536 phase with an OD 660 between 12 and 20. Genomic DNA for whole genome sequencing was isolated 537 using the Qiagen 100/G kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions 538 and quantified using a Qubit® Fluorometer 2.0 (Thermo Scientific). 539
Genomic DNA of the strains CBS 12357 T and IMS0637-IMS0643 was sequenced by Novogene 540 Bioinformatics Technology Co., Ltd (Yuen Long, Hong Kong) on a HiSeq2500 sequencer (Illumina, San 541 Diego, CA) with 150 bp paired-end reads using PCR-free library preparation. Genomic DNA of the 542 strains IMS0750 and IMS0752 was sequenced in house on a MiSeq sequencer (Illumina) with 300 bp 543 paired-end reads using PCR-free library preparation. All reads are available at NCBI 544 (https://www.ncbi.nlm.nih.gov/) under the bioproject accession number PRJNA492251. 545
Genomic DNA of strains IMS0637 and IMS0750 was sequenced on a Nanopore MinION (Oxford 546 Nanopore Technologies, Oxford, United Kingdom). Libraries were prepared using 1D-ligation (SQK-547 LSK108) as described previously (80) and analysed on FLO-MIN106 (R9.4) flow cell connected to a 548 MinION Mk1B unit (Oxford Nanopore Technology). MinKNOW software (version 1.5.12; Oxford 549 Nanopore Technology) was used for quality control of active pores and for sequencing. Raw files 550 generated by MinKNOW were base called using Albacore (version 1.1.0; Oxford Nanopore 551 Technology). Reads with a minimum length of 1000 bp were extracted in fastq format. All reads are 552 available at NCBI (https://www.ncbi.nlm.nih.gov/) under the bioproject accession number 553
PRJNA492251. 554
Genome analysis 555
For the strains CBS 12357 T , IMS0637-IMS0643, IMS0750 and IMS0752, the raw Illumina reads were 556 aligned against a chromosome-level reference genome of CBS 12357 T (NCBI accession number 557 PRJNA450912, https://www.ncbi.nlm.nih.gov/) (9) using the Burrows-Wheeler Alignment tool 558 (BWA), and further processed using SAMtools and Pilon for variant calling (81-83). Heterozgous SNPs 559
and INDELs which were heterozygous in CBS 12357 T were disregarded. Chromosomal translocations 560
were detected using Breakdancer (84). Only translocations which were supported by at least 10% of 561 the reads aligned at that locus were considered. Chromosomal copy number variation was estimated 562 using Magnolya (85) with the gamma setting set to "none" and using the assembler ABySS (v 1.3.7) 563 with a k-mer size of 29 (86). All SNPs, INDELs, recombinations and copy number changes were 564 manually confirmed by visualising the generated .bam files in the Integrative Genomics Viewer (IGV) 565 software (87). The complete list of identified mutations can be found in Supplementary Data File 1. 566
For strains IMS0637 and IMS0750, the nanopore sequencing reads were assembled de novo using 567 Canu (version 1.3) (88) with -genomesize set to 12 Mbp. Assembly correctness was assessed using 568
Pilon (83), and sequencing/assembly errors were polished by aligning Illumina reads with BWA (81) 569 using correction of only SNPs and short indels (-fix bases parameter). Long sequencing reads of 570 IMS0637 and IMS0750 were aligned to the obtained reference genomes and to the reference 571 genome of CBS 12357 T using minimap2 (89). The genome assemblies for IMS0637 and IMS0750 are 572 available at NCBI (https://www.ncbi.nlm.nih.gov/) under the bioproject accession number 573
PRJNA492251. 574
Molecular biology methods 575
For colony PCR and Sanger sequencing, a suspension containing genomic DNA was prepared by 576 boiling biomass from a colony in 10 μL 0.02 M NaOH for 5 min, and spinning cell debris down at 577 13,000 g. To verify isolates belonged to the S. eubayanus species, the presence of S. eubayanus-578 specific gene SeFSY1 and the absence of S. cerevisiae-specific gene ScMEX67 was tested by DreamTaq 579 PCR (Thermo Scientific) amplification using primer pair 8572/8573 (90), and primer pair 8570/8571 580 (91), respectively. Samples were loaded on a 1% agarose gel containing SYBR Green DNA stain 581 (Thermo Scientific). GeneRuler DNA Ladder Mix (Thermo Scientific) was used as ladder and gel was 582 run at a constant 100V for 20 min. DNA bands were visualized using UV light. For additional 583 confirmation of the S. eubayanus identity, ITS regions were amplified using Phusion High-Fidelity 584 DNA polymerase (Thermo Scientific) and primer pair 10199/10202. The purified (GenElute PCR 585
Cleanup Kit, Sigma-Aldrich) amplified fragments were Sanger sequenced (BaseClear, Leiden, 586 Netherlands) (92). Resulting sequences were compared using BLAST to available ITS sequences of 587
Saccharomyces species and classified as the species to which the amplified region had the highest 588 sequence identity. The presence of the SeMALT genes was verified by using Phusion High-Fidelity 589 DNA polymerase and gene specific primers: 10491/10492 for SeMALT1, 10632/10633 for SeMALT2 590 and SeMALT4/2, 10671/10672 for SeMALT3, 10491/10671 for SeMALT13, and 10633/10671 for 591
SeMALT413. The amplified fragments were purified using the GenElute PCR Cleanup Kit (Sigma-592 Aldrich) and Sanger sequenced (BaseClear) using the same primers used for amplification. 593
Plasmid construction 594
All plasmids and primers used in this study are listed in Table 3 and Supplementary Table S1,  595 respectively. DNA amplification for plasmid and strain construction was performed using Phusion 596
High-Fidelity DNA polymerase (Thermo Scientific) according to the supplier's instructions. The coding 597 region of SeMALT413 was amplified from genomic DNA of IMS0750 with primer pair 10633/10671. 598
Each primer carried a 40 bp extension complementary to the plasmid backbone of p426-TEF-amds 599 (13), which was PCR amplified using primer pair 7812/5921. The transporter fragment and the p426-600 TEF-amdS backbone fragment were assembled (93) using NEBuilder HiFi DNA Assembly (New 601
England Biolabs, Ipswich, MA), resulting in plasmid pUD814. The resulting pUD814 plasmid was 602 verified by Sanger sequencing, which confirmed that its SeMALT413 ORF was identical to the 603 recombined ORF found in the nanopore assembly of IMS0750 ( Figure 2C ). 604 605 This study 607
Strain construction 608
To integrate and overexpress SeMALT2 and SeMALT413 ORFs in S. eubayanus CBS 12357 T , SeMALT2 609 and SeMALT413 were amplified from pUD480 and pUD814 respectively with primers 13559/13560 610 that carried a 40 bp region homologous to each flank of the SeSGA1 gene located on S. eubayanus 611 chromosome IX. To facilitate integration, the PCR fragments were co-transformed with the plasmid 612 pUDP052 that expressed Spcas9 D147Y P411T (95, 96) and a gRNA targeting SeSGA1 (9). The strain 613 IMX1941 was constructed by transforming CBS 12357
T with 1 µg of the amplified SeMALT2 614 expression cassette and 500 ng of plasmid pUDP052 by electroporation as described previously (96 Figure S8) . All PCR-amplified gene sequences were Sanger sequenced (BaseClear). 619
Protein structure prediction 620
Homology modeling of the SeMalt413 transporter was performed using the SWISS-MODEL server 621
(https://swissmodel.expasy.org/) (97). The translated amino acid sequence of SeMALT413 was used 622 as input (Supplementary Figure S3) . The model of the xylose proton symporter XylE (PDB: 4GBY) was 623 chosen as template (62). Models were built based on the target-template alignment using ProMod3. 624
Coordinates which are conserved between the target and the template are copied from the template 625 to the model. Insertions and deletions are remodeled using a fragment library. Side chains are then 626 rebuilt. Finally, the geometry of the resulting model is regularized by using a force field. In case loop 627 modelling with ProMod3 fails, an alternative model is built with PROMOD-II (98). 3D model was 628 assessed and colored using Pymol (The PyMOL Molecular Graphics System, Version 2.1.1 629
Schrödinger, LLC.). 630
Sequence analysis of SpMTY1 631
The sequence of SpMTY1 was analyzed by aligning ScMAL31, ScAGT1, ScMPH2 and ScMPH3 from S. 632 cerevisiae strain S288C (63) The concentrations of ethanol and of the sugars glucose, maltose and maltotriose were measured 647 using a high pressure liquid chromatography (HPLC) Agilent Infinity 1260 series (Agilent Technologies, 648 Santa Clara, CA) using a Bio-Rad Aminex HPX-87H column at 65 °C and a mobile phase of 5 mM 649 sulfuric acid with a flow rate of 0.8 mL per minute. Compounds were measured using a RID at 35 °C. 650
Samples were spun down (13,000 g for 5 min) to collect supernatant or 0.2 µm filter-sterilized before 651
analysis. The concentrations of ethylacetate and isoamylacetate, methanol, propanol, isobutanol, 652 isoamyl alcohol and diacetyl were determined as described previously (60 shown in orange. In addition, the high-similarity sequences described in the main text are highlighted 999 in yellow for ScMAL31, in green for SeMALT3 and in blue for SparMAL31. 1000
